Spinal Wistar Hannover rats trained to step bipedally on a treadmill with manual assistance of the hindlimbs have been shown to improve their stepping ability. Given the improvement in motor performance with practice and the ability of the spinal cord circuitry to learn to step more effectively when the mode of training allows variability, we examined why this intrinsic variability is an important factor. Intramuscular EMG electrodes were implanted to monitor and compare the patterns of activation of flexor (tibialis anterior) and extensor (soleus) muscles associated with a fixed-trajectory and assist-as-needed (AAN) step training paradigms in rats after a complete midthoracic (T8 -T9) spinal cord transection. Both methods involved a robotic arm attached to each ankle of the rat to provide guidance during stepping. The fixed trajectory allowed little variance between steps, and the AAN provided guidance only when the ankle deviated a specified distance from the programmed trajectory. We hypothesized that an AAN paradigm would impose fewer disruptions of the control strategies intrinsic to the spinal locomotor circuitry compared with a fixed trajectory. Intrathecal injections of quipazine were given to each rat to facilitate stepping. Analysis confirmed that there were more corrections within a fixed-trajectory step cycle and consequently there was less coactivation of agonist and antagonist muscles during the AAN paradigm. These data suggest that some critical level of variation in the specific circuitry activated and the resulting kinematics reflect a fundamental feature of the neural control mechanisms even in a highly repetitive motor task.
Introduction
Recovery of hindlimb motor function after a complete spinal cord transection at a midthoracic level in adult animals can be improved with bipedal step training on a moving treadmill system (for review, see Edgerton et al., 2006) . Using a variety of algorithms, it was shown that robotic assistance during step training in combination with the administration of the 5-HT 2 agonist quipazine enhanced this training effect in mice that were spinal cord transected as adults (Fong et al., 2005) . The consistency of effective stepping also can be improved by manually assisting the limb movement as is needed to sustain stepping during the training sessions in neonatal rats (Kubasak et al., 2008) . Although this approach has been successful, there has been no quantitative analysis of this strategy or what is meant by manual assistance. We have demonstrated previously that some training effects can be achieved in complete spinal mice when robotic arms are used to impose a fixed trajectory at the ankle, followed by brief periods of no assistance (Fong et al., 2005) . The fixed trajectory, however, ignores the importance of variation in motor unit activation patterns, and thus step kinematics, as a feature of neural control (Hausdorff, 2005) . This could result in constantly correcting the intrinsically defined stepping patterns that would not likely be programmed by the robot. Conversely, minimizing the variation in the naturally occurring muscle activation patterns may result in habituation to the sensory input and a reduced response to step training (Hidler and Wall, 2005; Cai et al., 2006) .
Using robotic training, spinal mice learned to step more effectively when continuous, but soft, assistance was provided compared with a fixed trajectory imposed on the ankle (Cai et al., 2006) . We hypothesized that the abolishment of variation within and between steps (fixed-trajectory paradigm) would result in a greater disruption of the neural control strategies that are inherent in the spinal locomotor circuitry and would cause a suboptimal training paradigm when compared with an assist-as-needed (AAN) paradigm that would allow step-to-step variability (Jezernik et al., 2003; Hidler and Wall, 2005; Wirz et al., 2005; Cai et al., 2006; Christou et al., 2007; Emken et al., 2008) .
In the present study, we compared the patterns of activation of flexor and extensor motor pools during an AAN algorithm with the imposition of a fixed-trajectory algorithm in complete spinal transected adult rats. Soleus and tibialis anterior (TA) muscle activity during bipedal stepping of intact rats show alternating bursts with little or no coactivation between the muscles (Courtine et al., 2009 ). We observed a significant disruption of the normal cyclic pattern of excitation of flexor and extensor motor pools during the fixed-trajectory control paradigm, whereas the AAN paradigm resulted in a more normal flexorextensor activation pattern. These results have important implications regarding the fundamental features of the neural control of locomotion as well as to the robotic control strategies that will be most effective for the recovery of locomotor ability after a spinal cord injury.
Materials and Methods
Animals. Data were collected from 12 adult Wistar Hannover female rats (ϳ7 months of age). All procedures were approved by the Chancellor's Animal Research Committee at the University of California, Los Angeles and followed the American Physiological Society Animal Care Guidelines.
Experiment timeline. Before the spinal cord transection surgery, the rats were placed on the treadmill belt with the robot (passive mode) attached to the ankles, and step trajectories were recorded. The transection surgery was performed when the rats were between 2 and 3 months old. Although the rats were not step trained, they were exposed to the treadmill once a month after transection for acclimation to the testing setup and to determine whether they had recovered any stepping ability without training. None of the rats could step spontaneously. Chronic intramuscular EMG electrodes were implanted at 3-4 months after transection, i.e., when the rats were 6 -7 months old. The rats were tested 1 month after the EMG surgery, i.e., 5 months after the transection surgery, when they were 7-8 months old. The rats were tested using the fixedtrajectory and AAN paradigms for a single 20 min period during which data were recorded.
Spinal cord transection. All surgical procedures were performed under aseptic conditions and with the rats deeply anesthetized using isoflurane gas via facemask as needed. The spinal cords of 10-to 12-week-old rats were transected completely at spinal cord level T8 -T9 as described previously (Kubasak et al., 2008) . The paravertebral muscles were retracted, a partial laminectomy of the T8 and T9 vertebrae was performed, and the dorsal dura was opened with an "H" cut to expose the spinal cord. The spinal cord then was completely transected with microscissors. Two surgeons independently verified a complete transection by passing a glass probe through the site and lifting both cut ends of the spinal cord. The paravertebral muscles and fascia were sutured using 4-0 chromic gut, and the skin incisions were closed with 4-0 Ethilon suture.
After surgery, the rats were placed in an incubator maintained at 37°C until fully recovered. The rats were given lactated Ringer's solution (5 cc, s.c.) to prevent dehydration. Baytril (0.2 cc, i.m., twice daily; enrofloxacin; Bayer HealthCare), a general antibiotic, and buprenex (0.05 mg/kg, s.c., twice daily; buprenorphine hydrochloride; Reckitt Benckiser Healthcare), an analgesic, were administered during the first 2 d after surgery. Manual bladder expressions were performed three times per day for the first week and then twice daily, at 12 h intervals, thereafter. Rats were housed individually in polycarbonate cages in a room maintained at 26 Ϯ 1°C with 40% humidity and a 12 h light/dark cycle. Dry kibble and water were provided ad libitum, and pieces of fruit were given daily.
Intramuscular EMG implants. Three months after transection, intramuscular EMG electrodes were implanted in the soleus (an ankle extensor) and TA (an ankle flexor) muscles bilaterally. A skin incision was made along the sagittal suture of the skull, and the connective tissue covering the skull were separated. The skull was thoroughly dried, and four stainless steel screws were firmly inserted into the exposed bone. An amphenol connector was placed between the screws and rigidly affixed to the bone using dental cement. Multistranded, Teflon-coated stainless steel wires (AS632; Cooner Electronics) connected to gold-plated amphenol pins in the recording unit were passed subcutaneously to the lower leg. Pairs of wires were passed into each muscle belly using a 23 gauge needle, and a small notch (ϳ0.5-1.0 mm) was made in the Teflon coating to make the electrodes. Each muscle was stimulated through the head connector to ensure proper placement of the electrodes. The electrode wires then were anchored at both ends with 4-0 Ethilon suture. All exposed areas were kept moist with 0.9% saline washes. After implantation, all exposed muscle areas was lavaged with a saline-betadine solution, and the muscle, fascia, and skin were sutured in layers.
Intrathecal catheter implants. During the same surgery, the rats were implanted with intrathecal catheters. A length of polyurethane tubing (PE-10) was passed through a plastic head connector that was placed between two screws inserted into the exposed skull. A 4 cm length of tubing was left at the proximal end to be used for the injections. The distal end of the tubing had a tip made of flexible SILASTIC tubing to avoid damaging the spinal cord. A partial laminectomy was performed at vertebral level T11, and the SILASTIC tip was carefully placed in the subarachnoid space and then tunneled to spinal level L2-L3. The catheter was secured with suture at its entrance into the vertebral column. The exposed tubing at the proximal end was sealed with a metal plug to prevent contamination. The tubing was flushed with sterile saline three times per week with a volume of saline equal to the length of the tubing. Before each flushing or each injection of quipazine (see below), the tubing was wiped with 70% alcohol.
Quipazine administration. Quipazine was administered at a dosage of 0.05 mg/kg at ϳ5 min before testing (De Leon and Acosta, 2006) . A volume of ϳ20 l of quipazine solution (diluted in sterile water at 1 mg/ml) was injected into the intrathecal tubing, followed by injection of 20 l of sterile saline.
Computer-controlled robotic trajectory paradigms. After recovery from the transection surgery, the rats were placed in a body harness to stand bipedally on a treadmill, and both ankles of the rats were attached to robotic arms by a rubber ankle loop secured by an alligator clip. Because of orthopedic-related changes that occur in spinal rats after prolonged periods, the most effective stepping kinematics are usually not synonymous with the best stepping kinematics of the same rat before the complete spinal cord transection. Therefore, to identify the most appropriate trajectory to use for training, an experienced trainer manually moved the limbs of each rat through a typical step trajectory that was recorded by the robotic arms while in a passive mode. The most common trajectory pattern observed across rats from these training sessions was selected to train all rats. Five months after the spinal cord transection, the rats were tested using one or two control strategies: a fixed-trajectory paradigm (fixed recording supplemental Movie and supplemental Movie legends, available at www.jneurosci.org as supplemental material) that allowed little variance between steps and an AAN paradigm (fixed recording supplemental Movie and supplemental Movie legends, available at www.jneurosci.org as supplemental material) that provided robotic guidance when the ankle deviated a specified distance from the programmed trajectory, thus allowing for some variance in the programmed trajectory. Eight rats were tested with the fixed-trajectory paradigm. These same rats were tested 2 weeks later with the AAN paradigm (AAN1). To control for the possibility that the initial testing with the fixed trajectory may have affected the response to the AAN paradigm, a separate group of eight rats were tested only with the AAN paradigm (AAN2).
During the fixed-trajectory testing, the robotic arms were constantly in an active mode, consistently repeating the ankle trajectory recorded by the animal trainer. This algorithm causes the computer to move the robotic arm to the desired position in the trajectory, and, once it has reached that position, it moves to the next trajectory point (Fig. 1 A) . This process is repeated until a full trajectory is completed at which time it starts over from the initial position. During this testing paradigm, the robot is continuously correcting the position of the ankle.
In contrast, the AAN algorithm creates a desired window around the trajectory that moves at a predetermined speed (Fig. 1 B) . When the ankle position is within the window, there is a small constant velocity field tangent to the desired trajectory that biases the motion of the robot but without spatial or temporal enforcement (Cai et al., 2006) . When the ankle position falls outside the window, there is a radial velocity field that guides the robotic arm into the window. This force is proportional to the distance from the center of the window. Therefore, when the ankle is outside a given distance from the desired position, the robotic arm guides it back, but if the ankle is within the window, there is only a slight directional force to provide timing of the step. The final trajectories that occur during the AAN training can vary greatly between animals. Although there are significant differences during the swing phase, the activity during the stance phase is similar between the paradigms as the programmed trajectory matches the position of the ankle for the specific treadmill speed.
Flexor-extensor coordination analyses. Analysis of the EMG bursting between legs was done in individual animals by plotting joint probability distributions (JPDs) (see Fig. 5A ) and between groups by determining the coordination coefficient (see Fig. 5B ) for each animal. Each step in a 20 s period was normalized to a specific length and averaged. Each point of the JPD represents a single point in the step cycle of this averaged step. The coordination coefficient was determined by measuring the distance of each point in the JPD from the nearest axis: given each point {a, b} the distance to the nearest axis is minimum (a, b). Points were used only when at least one muscle was active and were discarded when both muscles were below a threshold for activity, determined to be anything below twice the SD of the background noise.
Statistical analyses. Kinematics and EMG data are reported as mean Ϯ SEM. One-way ANOVA was used to determine overall differences, and Tukey's post hoc tests were used to compare the three training groups within each training day. p Ͻ 0.05 was used to define statistical significance.
Results
Step trajectories Comparisons of the step trajectory and EMG responses for the same animal during a 30 s fixed-trajectory versus AAN1 session are shown in Figure 2 . There is a narrower band of ankle positions during the swing phase with the fixed-trajectory (Fig. 2 A) compared with the AAN1 (Fig. 2 B) paradigm. The average variance in position for each rat was measured at midswing (Fig. 3A) . The position variance in the fixed trajectory (3.20 Ϯ 0.37 mm) was less than half the size of the position variance in the AAN1 (7.44 Ϯ 0.74 mm) and AAN2 (6.15 Ϯ 0.58 mm) groups. In the example shown in Figure 2 , the ankle moves through a larger trajectory with the AAN1 (Fig. 2 B) than the fixed-trajectory (Fig.  2 A) paradigm.
During the swing phase, there were more robotic corrections to the step trajectory with the fixed compared with the AAN1 algorithm (examples of changes are shown by arrows in Fig. 2 A vs  B) . The average number of robotic adjustments during the swing phase was approximately threefold greater in the fixed-trajectory (12.7 Ϯ 1.6) compared with the AAN1 (4.4 Ϯ 0.4) and AAN2 (4.75 Ϯ 0.86) groups (Fig. 3B) .
The size of the step cycle during AAN was dependent on the individual rat. The mean vertical displacement during the fixedtrajectory (17.1 Ϯ 0.48 mm), AAN1 (18.8 Ϯ 2.8 mm), and AAN2 (19.8 Ϯ 3.2 mm) groups was similar (Fig. 3C) . The horizontal displacement was smaller in the fixed-trajectory (35.89 Ϯ 0.67 mm) than the AAN1 (40.62 Ϯ 1.17 mm) and AAN2 (41.6 Ϯ 1.2 mm) groups (Fig. 3D) . Generally, these differences reflect the higher variation in the step trajectory allowed with the AAN compared with the fixed-trajectory algorithm.
EMG activation patterns
The soleus and TA muscles showed distinct, alternating EMG bursts with the AAN algorithm, whereas there was a high amount of coactivation of these two antagonists with the fixed-trajectory algorithm (Fig. 2C) . The soleus was active for a higher percentage of the step cycle with the fixed (72.72 Ϯ 5.9%) than the AAN1 (12.53 Ϯ 3.87%) and AAN2 (22.33 Ϯ 6.97%) groups (Fig. 4 A) . A lower percentage of the soleus activity occurred during the swing phase with the AAN1 (24.54 Ϯ 5.0%) and AAN2 (33.6 Ϯ 6.3%) groups than the fixed-trajectory paradigm (51.19 Ϯ 6.6%) (Fig. 4C) . The TA also was active for a higher percentage of the step cycle with the fixed-trajectory (25.04 Ϯ 4.0%) than the AAN1 (12.7 Ϯ 1.7%) and AAN2 (11.7 Ϯ 3.8%) paradigms (Fig. 4 B) . The percentage activation of the TA during the swing phase, however, was similar for all groups (Fig. 4 D) .
Total muscle activation
Although both the TA and soleus muscles were activated for a longer period of time during each step cycle with the fixed than the AAN trajectory algorithm (Fig. 4 A, B) , the mean integrated EMG was similar for the two muscles within each group (Fig.  4 E, F ) . Thus, the AAN algorithm results in distinct alternating high-amplitude bursts, whereas the fixed-trajectory algorithm results in prolonged highly coactivated low-amplitude bursts throughout the stepping sessions.
Flexor-extensor coactivation
There was a higher amount of coactivation between the antagonistic muscles during the fixed-trajectory than the AAN paradigm (Fig. 2C,D) . This is clearly illustrated by the JPDs in Figure  5 : there is clear reciprocal activation of the soleus and TA with the AAN (Fig. 5B) but not the fixed-trajectory (Fig. 5A) paradigm. In addition, the coordination coefficient was higher in the fixedtrajectory (0.21 Ϯ 0.10) compared with the AAN1 (0.08 Ϯ 0.01) and the AAN2 (0.14 Ϯ 0.05) groups.
Discussion
The present results demonstrate that, when the intrinsic variability of the spinal locomotor circuitry is accommodated, the patterns of coordination between hindlimb flexor and extensor muscles are more normal than when a fixed trajectory is imposed. Based on studies of locomotor circuits, step-to-step variations reflect a stochastic phenomenon within both sensory and motor circuits (Rossignol, 2000; Kiehn, 2006; Dominici et al., 2007; Kozlov et al., 2009 ). This variation in stepping implies that the neural control system is based on processes within a network of neurons that interpret the sensory information during stepping and based on this input make decisions on the appropriate motor responses. The importance of the sensory system has been seen in rats with a complete spinal cord transection in which the stepping rate is modulated to directly match the speed of the treadmill and the activation of motor pools are modulated to a change in the load placed on the limbs during stepping (Edgerton et al., 1991; De Leon et al., 1998; Timoszyk et al., 2005; Frigon and Rossignol, 2006; Giszter et al., 2008; Ichiyama et al., 2008) . We predicted that a lack of variation in the step cycles during the fixed-trajectory paradigm would impose continuous interruptions causing interference with the normal progression of activation that the networks planned to execute, and this would result in an inability to learn or improve the performance of the motor task.
Conversely, the sensitivity to sensory input may decrease as a result of the lack of variation with a fixed-trajectory paradigm. In turn, this desensitization to the sensory input would result in a decrease in the activity within the sensorimotor and spinal neural control systems (Wirz et al., 2005) . In fact, a lack of variation in stepping during a fixed robotic trajectory training paradigm results in a decrease in the EMG activity in the biceps femoris and medial gastrocnemius after only a few minutes of training in chronically injured patients (Dietz and Mü ller, 2004 ). In the current study, we do not see this decrease in EMG activity during one training session with the robot during either paradigm.
EMG/trajectory coordination
In the present study, the fixed-trajectory paradigm continuously forced the legs toward a trajectory that would differ from the one that would have been selected by a stochastic system. The continual forced adjustments to the leg into a predetermined pattern resulted in the soleus and TA motor pools being in a continuous state of correcting throughout the swing phase. Similar to other studies that reported increases in the activation of the medial gastrocnemius and hamstring muscles during the swing phase of a fixed-trajectory robotic training session (Hidler and Wall, 2005; Israel et al., 2006) , we observed an increase in soleus activity during the swing phase of the fixed-trajectory compared with the AAN-trajectory paradigm. The increased out-of-phase activation of the soleus and the increased TA activity during the swing phase imply that it occurred as a result of "unexpected" sensory input caused by the robot forcing adjustments away from the "planned" step trajectory. This interpretation itself implies a feedforward mechanism within the spinal locomotor circuitry .
Muscle coactivation
The soleus and TA muscles are antagonists, i.e., an ankle extensor and flexor, respectively. During bipedal stepping of intact rats, there is little to no coactivation between these antagonists. The fixedtrajectory algorithm results in continuous adjustments during the swing phase that trigger simultaneous bursting in the two muscles (Fig. 2) . When the rat is allowed a critical level of variation of the trajectory within and between steps with the AAN paradigm, this simultaneous activity (coactivation) between muscles occurs rarely.
Neural control
The process of learning to step with a significantly modified neural circuitry, e.g., loss of all supraspinal input after a complete spinal cord transection, seems analogous to a naive circuit learning a new motor skill. Learning a motor skill is usually associated with a reduction in the variability of performing the task. Studies on neuronal signaling have shown that intrinsic activities, such as "noise" from synaptic processes, as well as extrinsic sources, including sensory input, contribute to the variability in neuronal activity (Stein et al., 2005; Faisal et al., 2008) . Although in some cases variability in a signal is thought of as detrimental noise that may disrupt information that is being transmitted and needs to be eliminated (Bialek et al., 1991; Shadlen and Newsome, 1998) , other studies have shown evidence of the importance of neuronal variability when learning new motor output techniques. Neurons in the motor cortices of monkeys learning to perform seemingly repetitive tasks have high variability in spiking activity (Mandelblat-Cerf et al., 2009) . Similarly, variability is seen in neurons in the forebrain nucleus of songbirds that are learning a new song (Kao et al., 2008) . In both of these cases, the variability decreases as the animal learns the task (Kao et al., 2008; Mandelblat-Cerf et al., 2009) . Improved consistency in EMG activity during AAN testing in addition to the previously reported improved stepping ability after training with an AAN paradigm (Cai et al., 2006) are consistent with this variability being a fundamental feature of the learning that occurs in the spinal circuitry that controls locomotion after a spinal cord injury .
The phenomenon of nonlinear noise that results in improved motor output signaling in an AAN mode has the features of stochastic resonance (McDonnell and Abbott, 2009) . Stochastic resonance is when noise has the ability to enhance the signal processing as opposed to degrading the signal. Signal noise may improve the learning by allowing the enhancement of those synaptic connections that occur in a spike-timing-dependent plasticity (STDP) manner. This synaptic modification is based on the concept that neuronal synapses are either strengthened or weakened depending on the temporal order of synaptic firing (Song et al., 2000; Taylor and Martin, 2009; Nolan et al., 2010) . Theoretically, by repeating a motor task such as stepping STDP reinforces or weakens selected sensorimotor synapses and results in a neural network functioning with less variability. When a spinal animal is step trained, it seems likely that selected pathways are reinforced by the repetitive sensory input derived from stepping and the variance is reduced to, but not beyond, a critical level for effective A theoretically ideal robotic AAN system will evaluate the robotic/animal interactions after each step. The AAN system will start with a large window in which the robot is passive (left). After a step is completed (black line), the system will check how many times and during what part of the step cycle the robotic system was activated (red). If the robot is activated below some critical value, the size of the passive window will be decreased (middle). After the next step is completed, the system will reevaluate. The middle example shows a high level of robotic activity (red), and the response is to increase the size of the window (right). This system will continue to change after each step cycle. motor control. A fixed-trajectory paradigm would seem to negatively influence learning attributable to the continuous interruptions by the robot and, in effect, by imposing more random (relative to the intrinsically defined sensorimotor events) responses and activation patterns of motor pools that are less effective in generating locomotion. Based on the STDP, there would be less selective reinforcement or weakening of synapses within the locomotor circuitry and, thus, a less effective stepping pattern with a fixed-trajectory versus an AAN paradigm.
Given that the amount of variance intrinsic to the spinal circuitry at any given stage of recovery after a spinal cord injury will differ between individuals, the ability to robotically aid modifications to the strategies of position control should be able to accommodate the optimal variance intrinsic to the circuitry at any particular point in time (Fig. 6 ). The present results show that limiting the robotic assistance during stepping to when the ankle moves outside a predetermined range decreases the chance of disrupting the muscle activation strategy "planned" by the spinal circuitry. The objective, therefore, should be to progressively reduce the variability to some critical level. A training paradigm that calculates the forced robotic adjustments in real time and changes the size and shape of the window to minimize disruptions of the locomotor circuitry, i.e., increasing the time that the robot is passive, theoretically should improve the efficiency of relearning how to step after a spinal cord injury.
Multiple factors determine the responsiveness of an individual with a spinal cord injury to a therapeutic intervention designed to improve locomotor function. If an individual has a motor incomplete injury and is receiving robotically mediated training, an important variable is the instructions given to the subject regarding "effort." Does the individual remain relaxed, exert forces on the robotic device, or attempt to minimize the forces imposed on the device? After a motor complete spinal cord injury, of course, these types of instructions are less important, but other variables become more relevant. For example, a critical factor will be the responsiveness of the spinal neuromotor circuitry to the robotic control. If the neural circuitry is not sufficiently active and responsive, the result will be neurologically passive, and it is likely that no significant improvement will occur. An additional possibility, however, is that, with a fixed trajectory, the neuromotor circuitry habituates and quickly becomes nonresponsive to the mechanical manipulation. Based on the present results, it would appear that the most appropriate instructions for the individual with an incomplete injury would be to attempt to follow the trajectory, which has a critical level of intrinsic variability, while minimizing the forces imposed on the robotic device. In an individual with a complete injury, a key element is to have a spinal circuitry that is responsive to the mechanical events imposed on the lower limbs. For example, if a subject is receiving antispastic medication, the responsiveness to the robotic manipulation will be minimized. Thus, although there should be some caution to the extent that the present results in complete spinal rats are clinically relevant, the principles derived from the present observations would appear to remain relevant, i.e., that some critical level of variability in the neural control is desirable in relearning effective stepping after a spinal cord injury. The question that remains is how much variability for a given individual with a given functional state is desirable.
